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ABSTRACT The objective of this study was to set up an in vivo gentamicin suscep-
tibility test for biofilm prevention in bone tissue and on implants. Twenty-five pigs
were allocated to six groups. Pigs in group A (n � 6) were inoculated with saline.
Pigs in groups B (n � 6), C (n � 3), D (n � 3), E (n � 3), and F (n � 4) were inocu-
lated with 10 �l saline containing 104 CFU of Staphylococcus aureus. Different con-
centrations based on the MIC of gentamicin for the specific strain were added to
the 10-�l inoculum for groups C (160� MIC), D (1,600� MIC), E (16,000� MIC), and
F (160,000� MIC). The inocula were injected into a predrilled tibial implant cavity,
followed by insertion of a steel implant (2 by 15 mm). The pigs were euthanized after
5 days. In vitro, all the doses used were found to be bactericidal after up to 6 h. All
implant cavities of pigs inoculated with bacteria and bacteria plus 160� MIC or
1,600� MIC of gentamicin were positive for S. aureus. In animals in each of groups E
(16,000� MIC) and F (160,000� MIC), 2/3 and 1/4 of the implant cavities were S. au-
reus positive, respectively. By grouping groups C and D (�10,000� MIC) and groups
E and F (�10,000� MIC), a significant decrease in the number of implant-attached
bacteria was seen only between the high-MIC-value group and group B. Histologi-
cally, it was demonstrated that 1,600�, 16,000�, and 160,000� MIC resulted in a
peri-implant tissue reaction comparable to that in saline-inoculated animals. In vivo,
the antimicrobial tolerance of the inoculated planktonic bacteria was increased by in
vivo-specific factors of acute inflammation. This resulted in bacterial aggregation and
biofilm formation, which further increased the gentamicin tolerance. Thus, suscepti-
bility patterns in vitro might not reflect the actual in vivo susceptibility locally within
a developing infectious area.
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Bacterial biofilms are involved in many chronic infections, such as pneumonia in
patients with cystic fibrosis, catheter-associated infections, prosthetic joint infec-

tions, and osteomyelitis (1). Once embedded in a biofilm, the bacteria profoundly
change their metabolism and the tolerance toward antimicrobials is increased, which
enables persistence of the infection (1). Several parameters have been developed to
quantify the antimicrobial activity against free planktonic bacteria and bacteria living in
biofilms (2). In line with the well-known MIC, a minimal biofilm inhibitory concentration
(MBIC), a biofilm bactericidal concentration (BBC), and a minimal biofilm eradication
concentration (MBEC) have been defined (3, 4, 5, 6). It has been demonstrated that the
antimicrobial concentrations needed to eradicate already established biofilms are
higher than the concentrations required to kill the same bacterial clone cultured
planktonically (7, 8). Thus, in a study based on 53 Staphylococcus aureus isolates from
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diabetic bone infections, the MBIC values were increased by a factor of 1,000 compared
to the MIC (9). The biofilm prevention concentration (BPC) has been described as a
modification of the MBIC, with the aim of reducing the bacterial density to prevent
biofilm formation (5, 10).

The principles behind MBIC, BBC, MBEC, and BPC are that they all explore the activity
of antimicrobials in vitro. However, it has recently been pointed out that in vitro biofilm
susceptibility tests often give results that poorly mimic the antimicrobial activity against
in vivo biofilms (11, 12). Therefore, the aim of the present study was to set up an in vivo
single-dose antimicrobial susceptibility test for biofilm prevention. The study was based
on adding different concentrations of gentamicin to the inoculum in a discriminative
porcine model of implant-associated osteomyelitis (13).

RESULTS
MIC of gentamicin. The MIC value of gentamicin (100 mg/ml; Genta-Equine) for S.

aureus strain S54F9 was determined to be 0.25 mg/liter.
Time-kill curve study of gentamicin. The bactericidal activity was concentration

dependent (Fig. 1). After 24 h, only the control and the sample containing 16 times the
MIC value of gentamicin had a viable bacterial count above the detection limit (102

CFU/ml). For the high MIC values (16,000� and 160,000� MIC), the detection limit was
encountered within 2 h, and for the low MIC values (160� and 1,600� MIC), the limit
was encountered after 4 h. The time-kill curves demonstrated that mixing of bacteria
and gentamicin for 60 s prior to inoculation in the porcine models did not eliminate the
inoculum; i.e., bacteria were present in all samples 1 min after exposure to gentamicin.

Microbiology and sonication of implants. The results of bacterial detection with
swabs, sonication (implant biofilm), and immunohistochemistry (IHC) (tissue biofilm)
can be found in Table 1. All control animals in group A were found to be sterile, and
the group B animals (bacteria only) were positive in at least two of the three analyses.
In general, no bactericidal effect was seen for gentamicin at 160� and 1,600� MIC
(Table 1). In contrast, an effect was seen with gentamicin concentrations of 16,000�

and 160,000� MIC (Table 1). All positive swabs were confirmed to contain S. aureus
bacteria of spa type t1333 (identical to the spa type used for inoculation). A statistically
significant decrease in the number of implant-attached bacteria (P � 0.001) was seen
only between the high-MIC-value group (�10,000� MIC [groups E and F]) and group
B (bacteria only) (Fig. 2A).

Pathology. Macroscopic signs of infection were not seen in groups A, E (bacteria
plus 16,000� MIC of gentamicin), and F (bacteria plus 160,000� MIC) (Fig. 3A), except
in one group F animal, which had pus in the implant cavity. Pus was found in the
implant cavity of all group B (bacteria only), C (bacteria plus 160� MIC), and D (bacteria
plus 1,600� MIC) animals (Fig. 3B and C). The implant cavity was irregular due to bone
necrosis in group B and C animals (Fig. 3B and C). In all control animals belonging to
group A, the peri-implant pathological bone area (PIBA) consisted of an interrupted

FIG 1 In-vitro time-kill study. The results represent the viable count (in number of CFU per milliliter) of
Staphylococcus aureus strain S54F9 in the time-kill experiment with different gentamicin concentrations
(16, 160, 1,600, 16,000, and 160,000 times the MIC). On the x axis, 0 represents the number of CFU just
before gentamicin exposure. The dotted line at a value of 2 CFU/ml on the y axis represents the detection
limit.
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thin layer of elongated fibroblasts lining compressed and osteonecrotic trabecular
bone tissue. This layer was sporadically intermingled with single neutrophilic granulo-
cytes. In contrast, PIBA of animals inoculated with bacteria only showed more osteo-
necrosis and had a massive infiltration of neutrophil granulocytes, macrophages, giant
cells, proliferating fibroblasts, and active osteoclasts. For group C animals (160� MIC),
PIBA morphology, measurements, and neutrophilic granulocyte (NG) counts were
comparable to those in the pigs in group B (bacteria only) (Fig. 2B and C and Fig. 4A,
C, and D). For animals in groups D (1,600� MIC), E (16,000� MIC), and F (160,000�

MIC), PIBA morphology, measurements, and NG counts were comparable to those in
the saline-inoculated control animals in group A (Fig. 2B and C and Fig. 4B).

DISCUSSION

The present study describes an in vivo antimicrobial susceptibility test of biofilm
prevention in bone tissue and on implants. We found that 1,600 times the MIC value (or
400 mg/liter) of gentamicin was needed in the inoculum (10 �l with 104 CFU) in order
to prevent bacterial attachment to bone implants in the porcine model of implant-
associated osteomyelitis. However, looking only at the bone tissue, all concentrations
above 40 mg/liter resulted in a tissue response comparable to that in the saline-
inoculated animals. All the gentamicin doses used were 100% effective in vitro against
the planktonic form of the S. aureus strain used, but once the planktonic bacteria were
injected in vivo, they showed an increased gentamicin tolerance due to inflammation
and the beginning of biofilm formation.

Previously, in an in vitro biofilm susceptibility study, the BPC values of different
antimicrobials were only slightly higher than their MIC values against Pseudomonas
aeruginosa (5). This was supported by another study, in which antibiotic-loaded bone

TABLE 1 Overview of study groups and detection of bacteria postmortem

Group Animal no. Inoculum
Detection of bacteria in
implant cavity (swab)

Detection of biofilm in:

Implant
(sonication)

Tissue around
implant cavity (IHCa)

A A1 Saline No No
A2 Saline No No
A3 Saline No No
A4 Saline No No No
A5 Saline No No No
A6 Saline No No No

B B1 S. aureus Yes (inoculated spa type) Yes Yes
B2 S. aureus Yes (inoculated spa type) Yes No
B3 S. aureus Yes (inoculated spa type) Yes Yes
B4 S. aureus Yes (inoculated spa type) Yes Yes
B5 S. aureus Yes (inoculated spa type) Yes Yes
B6 S. aureus Yes (inoculated spa type) Yes Yes

C C1 S. aureus � 160� MIC (40 mg/liter) Yes (inoculated spa type) Yes Yes
C2 S. aureus � 160� MIC Yes (inoculated spa type) Yes No
C3 S. aureus � 160� MIC Yes (inoculated spa type) Yes Yes

D D1 S. aureus � 1,600� MIC (400 mg/liter) Contamination Yes No
D2 S. aureus � 1,600� MIC Yes (inoculated spa type) Yes No
D3 S. aureus � 1,600� MIC Yes (inoculated spa type) No No

E E1 S. aureus � 16,000� MIC (4,000 mg/liter) No Yes Yes
E2 S. aureus � 16,000� MIC No No No
E3 S. aureus � 16,000� MIC Yes (inoculated spa type) Yes No

F F1 S. aureus � 160,000� MIC (40,000 mg/liter) No No No
F2 S. aureus � 160,000� MIC Yes (inoculated spa type) Yes No
F3 S. aureus � 160,000� MIC No No No
F4 S. aureus � 160,000� MIC No No No

aIHC, immunohistochemistry for S. aureus.
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beads were able to prevent local biofilm formation by planktonic S. aureus bacteria,
while an established biofilm was untreatable (10). In contrast, another recently pub-
lished in vitro study demonstrated that large amounts of gentamicin (171 to 1,260 mg/
liter) released from a biphasic gentamicin-loaded calcium sulfate-hydroxyapatite bone

FIG 2 Results of sonication and histological registrations. (A) The number of bacteria attached to the
implants was reduced with the increasing values of the MIC of gentamicin added to the inoculum. (B and
C) The width of the peri-implant pathological bone area (PIBA) (B) and the count of neutrophilic
granulocytes (C) were increased only in animals inoculated with bacteria and with bacteria plus 160�
MIC gentamicin. Single values and the mean and standard error of the mean (SEM) are shown for each
group.
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graft substitute were needed to prevent and eradicate biofilms of Gram-positive
bacteria (14). Our results also demonstrate that successful antimicrobial prevention of
biofilms requires concentrations above the MIC. However, the effective in vivo concen-
tration must be much higher than that previously demonstrated in vitro due to the

FIG 3 Macroscopic bone pathology. Three pigs were inoculated with Staphylococcus aureus and gentamicin at different MICs in the right tibia, followed by
insertion of a steel implant. The pigs were euthanized 5 days after inoculation. The tibial bone was sagittally sectioned, and the implant was removed for
demonstration of the implant cavity (IC). (A) Pig inoculated with bacteria and 160,000� MIC of gentamicin. No pus was visible, and the implant cavity is regular.
(B) Pig inoculated with bacteria and 160� MIC gentamicin. Pus and bone destruction surround the implant cavity. (C) Pig inoculated with bacteria and 1,600�
MIC of gentamicin. Although there was less pus than in the image in panel B, the bone contour of the implant cavity was still destroyed (inset).

Biofilm Prevention In Vivo Antimicrobial Agents and Chemotherapy

February 2019 Volume 63 Issue 2 e01889-18 aac.asm.org 5

https://aac.asm.org


impact of inflammation (7). Thus, susceptibility patterns in vitro might not reflect
the actual in vivo susceptibility locally within a developing infectious area. There-
fore, the present findings support the suggestion that it seems to be insufficient to
evaluate the prophylactic concentration of antimicrobials for the prevention of biofilms
based on in vitro assays (11).

The formation of a biofilm in vitro is not representative of the formation in vivo (15).
In vivo, the tissue hosting a biofilm or surrounding a medical device covered with a
biofilm impacts the biofilm oxygen supply, size (5 to 200 �m), and extracellular matrix
composition (15). Moreover, the in vivo biofilm stimulates the adjacent tissue to
produce a local inflammatory response. Within the present study, drilling of the bones
resulted in an implant cavity surrounded by hemorrhage, bone debris, and thermic
bone necrosis. Once injected into the implant cavity, the inoculum triggered acute
inflammation with vasodilation and increased vascular permeability, allowing addi-
tional fluid and plasma proteins to pass into the implant cavity (16). These circum-
stances may have contributed to a dilution of the gentamicin and coating of the

FIG 4 Microscopic bone pathology. Two were pigs inoculated with Staphylococcus aureus and different MICs of gentamicin in the right tibia, followed by
insertion of a steel implant. The pigs were euthanized 5 days after inoculation. The tibial bone was sagittally sectioned, and the implant was removed for
demonstration of the implant cavity (IC). (A) Pig inoculated with bacteria and 160� MIC of gentamicin. HE stain was used. The arrow indicates the extension
of the peri-implant pathological bone area (PIBA). PIBA contains necrotic bone tissue and a massive infiltration of neutrophilic granulocytes and macrophages.
(B) Pig inoculated with bacteria and 160,000� MIC of gentamicin. HE stain was used. PIBA is small (double arrow), and only a sparse inflammatory reaction was
present. (C) Close-up of the image in panel A. A microabscess that contained small aggregates of bacteria (arrow) and that was surrounded by multinuclear
giant cells is seen. (D) Within the microabscess, S. aureus was detected immunohistochemically. Red positive bacteria (arrow) can be seen among the
neutrophilic granulocytes (NG).
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implants with plasma proteins, like fibronectin. It has been demonstrated that S. aureus
biofilm formation on artificial surfaces is initiated when microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) bind to plasma proteins embed-
ded on the surface (17, 18). Therefore, in the pigs it seems that biofilm formation
occurred right after inoculation due to bacterial attachment to MSCRAMMs on the
implant and the necrotic bone tissue induced by drilling. Biofilm-associated antimicro-
bial tolerance develops in normally susceptible bacteria when they form biofilms due
to the display of an altered phenotype (9). Moreover, the inflammatory response
induced by the bacteria gives an acidic environment, and it has been demonstrated
that a low pH increases the MICs of aminoglycosides for Gram-positive cocci (19).
Gentamicin is a concentration-dependent bactericidal aminoglycoside, and it has been
demonstrated in vitro that concentrations above 8 times the MIC do not result in
significantly faster killing of bacteria (20). All the gentamicin doses used in the present
study might have induced killing of the planktonic bacteria when added to the
inoculum; however, once injected into the pigs, only the high gentamicin doses
(�10,000� MIC) continued to have a sufficient bactericidal concentration, despite the
inflammatory reaction and the beginning of biofilm development.

The observed effective gentamicin doses cannot be achieved in bone tissue with
systemic administration. Comparable conclusions have been made from several in vitro
studies of biofilm susceptibility (21). To meet the demand for high and long-term
antimicrobial bone concentrations without reaching toxic serum levels, several com-
mercial local delivery systems are available for infectious orthopedic surgery (22). The
present study reports the use of a single gentamicin dose. However, a repeated
exposure resulting in a long-term steady concentration might have reduced the
observed effective concentrations. Thus, the present study cannot provide specific
clinical recommendations about aminoglycoside doses for local administration, al-
though the first dose of an aminoglycoside is the most important in the course of
therapy due to adaptive bacterial resistance (20). Recently, a clinical study demon-
strated that debridement and long-term local gentamicin (17.5 mg/ml) released from a
gentamicin-loaded calcium sulfate-hydroxyapatite biocomposite were very effective
for treating osteomyelitis (23). Gentamicin-loaded polymethyl methacrylate (PMMA)
beads (5.4 mg gentamicin per bead with 10, 30, or 60 beads in a chain) are a commonly
used local antimicrobial delivery system in orthopedics, although with infection, recur-
rence rates are commonly reported to be above 10% and are sometimes as high as 45%
(23, 24). The present study supports the new approach of an increased focus on local
antibiotic treatment of osteomyelitis applied during surgery (23). However, our results
indicate that the effective doses of locally administered antimicrobials might be higher
than assumed. Thus, the present study should encourage infectious disease specialists
and microbiologists to focus on the fact that the in vivo susceptibility and pharmaco-
kinetics (including the diffusion distance) of locally administered antimicrobials within
implanted and infected tissue are very limited.

Adding antimicrobials to the inoculum of animal models of infectious disease can
represent a new proof of concept for in vivo single-dose susceptibility testing. Prein-
oculation mixing of the inoculum with antimicrobials secures an optimal and repro-
ducible contact between the bacteria and the drug within the tissue. Based on this
method, the killing of bacteria is based on exposure to a single dose of local antimi-
crobials under the influence of in vivo-specific factors, like inflammation. This approach
to antimicrobial susceptibility testing has, to our knowledge, not previously been used.

MATERIALS AND METHODS
Bacterial strain used in the porcine model. A porcine biofilm-forming S. aureus strain, S54F9 spa

type t1333, was used in the present study (25, 26). The presence of genes coding for a number of toxins,
such as enterotoxins, including phage-associated enterotoxins, exotoxins, and superantigen, in this strain
has previously been demonstrated by whole-genome sequencing (25).

MIC of gentamicin. The MIC value for S. aureus S54F9 was determined in accordance with the
guidelines from the Clinical and Laboratory Standards Institute (CLSI) (27). The bacterial strain was
inoculated in Luria-Bertani (LB) broth for 24 h at 37°C. Thereafter, 10 �l of 10-fold dilutions was
inoculated onto blood agar plates, and the plates were incubated overnight at 37°C in order to
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determine the exact bacterial concentration. Sterile isotonic saline (0.9%) was used to achieve a final
concentration of 5 � 105 CFU/ml to be used in each test tube (1 ml). One milliliter of gentamicin
(100 mg/ml; Genta-Equine; Dechra, Lostock Gralam, UK) at different concentrations (8, 4, 2, 1, 0.5, 0.25,
0.125, 0.06, and 0.03 mg/liter) was also added to the test tube. Positive- and negative-control tubes were
also included. The MIC value was determined from the tube with the highest dilution of gentamicin with
no visible bacterial growth after 24 h at 37°C.

Time-kill curve study of gentamicin. Five different concentrations of gentamicin were used, based
on the previous MIC determinations, i.e., 16, 160, 1,600, 16,000, and 160,000 times the MIC value.
Staphylococcus aureus S54F9 was inoculated in LB broth for 24 h at 37°C. The bacterial suspension was
diluted in Mueller-Hinton (MH) bouillon to reach a final concentration of 107 CFU/ml. Of this suspension,
15 ml was transferred to each of six sterile Erlenmeyer flasks, and 1 ml of gentamicin at one of the
different concentrations was added. One control without gentamicin was also included. Samples of
0.5 ml were taken at the baseline (�5 min, control flasks only), at 1 min after gentamicin exposure, and
again after 1, 2, 4, 6, and 24 h. The samples were centrifuged at 15,000 � g for 2 min and resuspended
in 1.5 ml sterile isotonic saline (0.9%) in order to minimize the gentamicin carryover effect. This procedure
was repeated 4 times. The last time, the pellet was resuspended in the original volume of 0.5 ml.
Thereafter, 10-fold dilutions of the samples were made, 10 �l of each dilution was spread out on blood
agar plates, and the plates were incubated for approximately 24 h at 37°C. Afterwards, viable counts were
performed. The detection limit was 102 CFU/ml.

Experimental animals. Twenty-five pigs (female, Danish Landrace) obtained from specific-
pathogen-free herds were included. The pigs were 2 to 3 months old and weighed 30 to 40 kg. Some
data from 12 of the pigs (groups A and B) (Table 1), which were the basis for the development of the
porcine model of osteomyelitis, were recently published (13).

Animal experiment. A skin incision down to the periosteum was made over the final position for the
implant cavity, i.e., 10 mm distal to and parallel with the growth plate of the proximal tibia (13). A final
incision of 10 mm was made in the periosteum, which was loosened a few millimeters perpendicular to
the incision. In the periosteal incision, a K wire (4 mm in diameter) was drilled 20 mm into the trabecular
bone tissue, creating the implant cavity (Fig. 5A). The inoculum (10 �l) was prepared (see “Inoculum”

FIG 5 Inoculation procedure in a porcine model of implant-associated osteomyelitis. (A) A small incision down to the periosteum was
made on the medial side of the proximal right tibia, and a 4-mm K wire (arrow) was drilled 2 cm into the bone to establish the implant
cavity. (B) The inoculum containing S. aureus bacteria and different concentrations of gentamicin (arrow) was injected into the implant
cavity. (C) After inoculation, a steel implant of 2 by 15 mm (made from a K wire) was inserted into the implant cavity, and the periosteum
was closed with sutures (arrow), followed by closure of the soft tissue and skin. (D) Fluoroscopy just after the operation. The implant
(arrow) is seen in the implant cavity.
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below) and injected (Fig. 5B) into the implant cavity. Afterwards, the implant (steel K wire of 2 by 15 mm)
was inserted in the cavity and the periosteum, soft tissue, and skin were closed (Fig. 5C and D) (13). See
Table 1 for the different groups based on the different inocula. The pigs were euthanized after 5 days by
an intravenous overdose of pentobarbital (20%). All animals received daily oral analgesic treatment with
meloxicam (0.3 mg/kg of body weight; Metacam). The Danish Animal Experiments Inspectorate approved
the experimental protocol (license no. 2013/15-2934-00946).

Inoculum. Group A animals were inoculated with sterile saline. Pigs in group B were inoculated with
S. aureus S54F9 at 104 CFU in 10 �l (25, 28). Pigs in groups C, D, E, and F were given gentamicin
(100 �g/ml; Genta-Equine) at different concentrations along with the bacteria. Ten microliters with
double gentamicin concentration (2 � 160, 1,600, 16,000, or 160,000 times the MIC) and 10 �l of 2 � 104

CFU were mixed for 60 s before 10 �l of this solution was inoculated into the tibial implant cavity.
Microbiology and sonication of implants. Following euthanasia, the bone implants were analyzed

for biofilm attachment. The implants were placed in centrifuge tubes containing 2 ml 0.9% NaCl. The
implants were placed in an ultrasound bath (Bransonic model 2510 bath; Branson Ultrasonic Corpora-
tion), degassed for 5 min, sonicated for 5 min, and subsequently vortexed, serially diluted, and plated on
blue agar plates (29). The plates were incubated at room temperature for 2 days before determination
of the number of CFU per milliliter (29). Following removal of the implants, a swab specimen of the
implant cavity was taken and spread over LB agar medium, and the plate was incubated for 24 h at 37°C.
Afterwards, the swab isolates were spa typed (30). Evaluation of swabs, spa typing, and sonication results
were performed in a blind manner.

Pathology. The right inoculated tibial bones were sectioned sagittally through the implant cavity in
order to allow macroscopic evaluation. Afterwards, the tibial bones were fixed and decalcified (13). Tissue
blocks containing the implant cavity and the surrounding bone tissue were embedded in paraffin wax
(13). Tissue sections (4 to 5 �m) were stained with hematoxylin and eosin (HE). On a tissue section
containing the center of the implant cavity, the size of the peri-implant pathological bone area (PIBA) was
measured perpendicular to the implant cavity (13). Within PIBA, biofilm aggregates were detected based
on immunohistochemical (IHC) staining of S. aureus (28), and the number of neutrophilic granulocytes
(NG) was counted by the method developed by Morawietz et al. (31). First, potential hot spots rich in NG
were identified. These areas were then evaluated under high power (�400 magnification), and all cells
identifiable as NG were counted. A maximum of 10 NG was counted in 10 high-power fields, resulting
in a maximum count per pig of 100 NG (31). All PIBA measurements, counting of bacterial aggregates,
and NG counts were obtained in a blind manner.

Statistics. By adding the data for groups C and D (bacteria plus 160� and 1,600� MIC of gentamicin,
respectively) and those for groups E and F (bacteria plus 16,000� and 160,000� MIC of gentamicin,
respectively), a low-MIC-value group (�10,000� MIC) and a high-MIC-value group (�10,000� MIC), respec-
tively, were established. The Kruskal-Wallis test followed by Dunn’s multiple-comparison test were used to
analyze the number of bacteria attached to the implants between group B (bacteria only) and the low- and
high-MIC-value groups. A P value below 0.05 was considered significant.
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